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Edited by Vladimir SkulachevAbstract Premature senescence of IMR-90 human diploid
ﬁbroblasts expressing telomerase (hTERT) establishes after
exposure to an acute sublethal concentration of H2O2. We
showed herein that p38MAPK was phosphorylated after exposure
of IMR-90 hTERT cells to H2O2. Selective inhibition of
p38MAPK activity attenuated the increase in the proportion of
cells positive for senescence associated b-galactosidase activity.
We generated a low density DNA array to study gene expression
proﬁles of 240 senescence-related genes. Using this array,
p38MAPK inhibitor and p38MAPK small interferent RNA, we
identiﬁed several p38MAPK-target genes diﬀerentially expressed
in H2O2-stressed IMR-90 hTERT ﬁbroblasts.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Critical shortening of telomeres induces a DNA damage re-
sponse pathway which in turn triggers replicative senescence
[1] through the overexpression of cyclin-dependent kinase
inhibitors such as p21WAF-1 and p16INK-4a [2–4]. Replicative
senescence of human diploid ﬁbroblasts (HDFs) can be over-
come by overexpression of human catalytic subunit of telome-
rase (hTERT) via elongation of the telomeres [5]. HDFs
exposed to various types of sublethal oxidative stress display
a senescent-like phenotype coined ‘‘stress-induced premature
senescence’’ (SIPS) [6]. SIPS can be triggered by a single or re-
peated exposure to H2O2 [7,8], tert-butylhydroperoxide [9] or
UVB [10]. HDFs in SIPS display features of senescent cells:
typical cell morphology [11], increase in the proportion of
senescence-associated b-galactosidase (SA b-gal) positive cells
[12], growth arrest in G1 with overexpression of p21WAF-1Abbreviations: ECM, extracellular matrix; FCS, fetal calf serum;
HDFs, human diploid ﬁbroblasts; hTERT, catalytic subunit of telo-
merase; MAPK, mitogen activated protein kinase; MMP, metallopro-
teinase; RT-PCR, reverse transcription polymerase chain reaction; SA
b-gal, senescence associated b-galactosidase; SIPS, stress-induced
premature senescence; S.D., standard deviation; siRNA, small inter-
ferent RNA; TGF-b1, transforming growth factor-b1
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doi:10.1016/j.febslet.2006.10.064[7], deletion in mitochondrial DNA [9] and change in the
expression level of several senescence-associated genes [9]. Pre-
mature senescence induced by acute sublethal exposures to oxi-
dizing agents is independent of a critical telomere shortening.
Indeed very limited telomere shortening is observed [13], part
of which is due to oxidative stress [14].
Gorbunova et al. showed that WI-38, IMR-90, LF-1 and
HCA2 ﬁbroblasts expressing hTERT undergo SIPS like their
parental counterparts, with no accelerated telomere shortening
and no important reduction in telomerase activity [15,16]. These
authors exposed LF1, LFp21WAF-1/, and LF1p21WAF-1/
hTERT ﬁbroblasts to H2O2. Some of the p21
WAF-1/ cells be-
came enlarged and elongated but not as ﬂattened as senescent
wild type LF1 cells. Induction of senescence-associated b-galac-
tosidase activity and inhibition ofDNA synthesis in p21WAF-1/
cells were also reduced2-fold compared with the parental LF1
strain. Therefore, p21WAF-1/ cells under stress displayed an
intermediate phenotype with some but not all the features of
senescent cells. The level of p16INK4-A protein became elevated
in both treated and untreated p21WAF-1/ ﬁbroblasts. Those
results indicated that p21WAF-1 is involved in SIPS of human
ﬁbroblasts, however with possible alternative pathways for
induction of SIPS [16]. In a model of premature senescence in-
duced by repeated exposures of skin ﬁbroblasts to UVB, both
p21WAF-1 and p16INK4-A became overexpressed at 72 h after a
series of 10 UVB exposures [10].
p38MAPK is a mitogen-activated protein kinase activated by
phosphorylation on Ser/Thr residue when cells are exposed to
H2O2 stress. In this work, we studied whether p38
MAPK regu-
lates the change of expression level of a series of senescence-
associated genes in H2O2-induced premature senescence of
IMR-90 hTERT HDFs. A low density DNA array was gener-
ated to study the relative mRNA level of 240 genes associated
with cellular senescence. Despite this technology was previously
validated in other models of SIPS [10,17,18], a signiﬁcant num-
ber of results obtained herein were validated with Real-Time
RT-PCR. Using a speciﬁc inhibitor of p38MAPK and small
interferent RNA technology, we tested whether inhibition of
p38MAPK aﬀected some of these changes of gene expression.2. Materials and methods
2.1. Cell culture, SA b-gal activity and [3H] thymidine incorporation
Human fetal lung IMR-90 ﬁbroblasts immortalized with the
catalytic subunit of telomerase (hTERT) (IMR-90 hTERT, Ludwigblished by Elsevier B.V. All rights reserved.
6456 S. Zdanov et al. / FEBS Letters 580 (2006) 6455–6463Institute for Cancer Research, UK) were grown in MEM medium
(Invitrogen, UK) supplemented with 10% fetal calf serum (FCS)
(Invitrogen, UK). p38MAPK was inhibited using a speciﬁc inhibitor,
SB203580 (Merck, Germany) diluted at 20 lM in MEM + 10% FCS.
IMR-90 hTERT HDFs at half conﬂuence were exposed for 2 h to
200 lM H2O2 (Merck, Germany) diluted in MEM + 10% FCS. After
the stress, cells were rinsed with MEM and given fresh MEM + 10%
FCS. Control cultures followed the same schedule of medium changes
without H2O2treatment. At 48 h after stress, the cellular protein content
was assayed by the Folin method [19]. This method was previously
shown to give accurate estimates of the number of surviving cells in
such conditions, compared to other methods like the MTT assay or cell
counting [9,10]. The results are expressed as percentage of surviving
cells. At 24 h after the stress, the cells were seeded in 24-well plates (Cell
Cult, UK) at a density of 10,000 cells/well. One microCurie [3H] thymi-
dine (speciﬁc activity: 2 Ci/mmol, Du Pont, NEN, USA) was added to
the culture medium for 48 h. Radioactivity was quantiﬁed by a scintil-
lation counter (Packard Instrument Company, USA). At 48 h after the
stress, the cells were seeded at a density of 700 cells/cm2. SA b-gal was
detected 24 h later as described in [12] on 400 cells per dish. The results
were given as percentage of these 400 cells.
All the results were expressed as mean values ± standard deviation
(S.D.).
2.2. Low density DNA-array
We developed the ‘‘DualChip Human Aging’’, a low-density DNA
array representing a range of 240 genes involved in senescence or stress
response in collaboration with Eppendorf (Germany). The method is
based on a system with two assays (a control and a test) per glass slide
with three sub-arrays per assay. The sequences of the DNA covalently
linked to the glass slide were carefully chosen by sequence comparison.
It was checked that no cross-hybridization took place. Several positive
and negative hybridization and detection controls were spotted on
each sub-array in order to control the reliability of the experimental
data, as published [10,17,18]. Six internal standard controls and house-
keeping genes were arrayed on the slides for the normalization. Twenty
micrograms of total RNA was retrotranscribed using SuperScript II
Reverse Transcriptase (Invitrogen, UK). Duplicates from three inde-
pendent experiments were performed. Hybridization on DualChipTable 1
Primers used for Real-Time RT-PCR
Genes Positions (bp)
CTGF 242–258
365–384
GADD153 346–365
461–481
GAPDH 942–963
1033–1053
IGFBP3 655–678
742–765
IGFBP5 698–719
803–822
MMP2 2105–2123
2196–2220
p21 495–515
599–617
p38 834–858
886–909
TIMP-1 366–385
447–468
TPA 279–298
364–382Human Aging was carried out as described by the manufacturer.
Detection was performed using a Cy3-conjugated IgG anti-biotin
(Jackson Immuno Research Laboratories, USA) on biotinylated
cDNA.
Fluorescence of the hybridized arrays was scanned using the Pack-
ard ScanArray (Perkin–Elmer, USA) at 10 lm resolution. To maxi-
mize the dynamic range of detection, the same arrays were scanned
at three photomultiplier gains for quantifying high- and low-copy ex-
pressed genes. The scanned 16-bit images were imported into the Ima-
Gene 4.1 software (BioDiscovery, USA). The ﬂuorescence intensity of
each DNA spot (average of intensity of each pixel present within spot)
was calculated using local mean background subtraction. A signal was
accepted when the average intensity after background subtraction was
at least 2.5-fold higher than its local background. The three intensity
values of the triplicate DNA spots were averaged and used to calculate
the intensity ratio between the reference and the test samples. The data
were normalized in two steps. First, the values were corrected using a
factor calculated from the intensity ratios of the internal standards in
the reference and test samples. The presence of the six internal stan-
dards probes at two diﬀerent locations of the array allowed a measure-
ment of local background and evaluation of the array homogeneity,
which is considered in the normalization. However, since the internal
standard control did not take into account the purity and quality of
the mRNA, a second step of normalization was performed based on
calculating the average intensity for a set of 13 housekeeping genes.
The variance of the normalized set of housekeeping genes was used
to generate an estimate of expected variance, leading to a predicted
conﬁdence interval for testing the signiﬁcance of the ratios obtained.
Ratios outside the 95% conﬁdence interval were determined to be sig-
niﬁcantly diﬀerent [10,17,18].
2.3. Real time RT-PCR
Total RNA was extracted (Total RNAgent extraction kit, Promega,
USA) from three independent cultures. Total RNA (2 lg) was reverse
transcribed (SuperScript II Reverse Transcriptase, Invitrogen, UK).
Gene speciﬁc primers (Table 1) were designed (Primer Express 1.5
Software, PE Applied Biosystem, Foster City, CA, USA). Ampliﬁca-
tion reactions assays contained 1· SYBR Green PCR Mastermix
and primers at optimal concentration (Applied Biosystems, The Nether-Sequences
50-CAA GCT GCC CGG GAA AT-3 0
50-GGA CCA GGC AGT TGG CTC TA-30
50-TCT CTG GCT TGG CTG ACT GA-30
50-TCC TGG TTC TCC CTT GGT CTT-30
50-ACC CAC TCC TCC ACC TTT GAC-30
50-GTC CAC CAC CCT GTT GCT GTA-30
50-CAG AGC ACA GAT ACC CAG AAC TTC-30
50-CAC ATT GAG GAA CTT CAG GTG ATT-30
50-TGT GAC CGC AAA GGA TTC TAC A-3 0
50-TCC CCG TCA ACG TAC TCC AT-30
50-CAT GCG CAC AAA TCC CTT CTA-30
50-GAA CAG CCC AGT ACT TAT TCC CTT T-3 0
50-CTG GAG ACT CTC AGG GTC GAA-30
50-CCA GGA CTG CAG GCT TCC T-3 0
50-GTG AAT GAA GAC TGT GAG CTG AAG A-3 0
50-CGT AGC CTG TCA TTT CAT CAT CTG-30
50-CGC AGC GAG GAG TTT CTC AT-30
50-GCT GAG CTA AGC TCA GGC TGT T-3 0
50-AGG AAA TCC ATG CCC GAT TC-30
50-GCG CAG CCA TGA CTG ATG T-3 0
S. Zdanov et al. / FEBS Letters 580 (2006) 6455–6463 6457lands). A hot start at 95 C for 5 min was followed by 40 cycles at
95 C for 15 s and 65 C for 1 min (ABI PRISM 7000 SDS thermal cy-
cler, Applied Biosystems). Fluorescence emission was detected for each
PCR cycle and the threshold cycle values were determined. Values are
averages of triplicate analysis ± S.D.2.4. Gene silencing experiments
Small interferent RNA (siRNA) transfection experiments against
p38MAPK were performed using double-stranded RNA (siGENOME
SMARTpool, Dharmacon, USA). A non-targeting siRNA (Eurogen-
tec, Belgium) was used as control. Cells were transfected with JetSI
(Eurogentec, Belgium) according to the manufacturer’s instructions.
Transfection eﬃciency in cells plated on cover-slips was determined
using ﬂuorescein isothiocyanate (FITC)-labeled siRNA and evaluated
to 90–95% after 24 h and 48 h by cell counting. Cells were plated in
25 cm2 ﬂasks at 50% conﬂuence 24 h before transfection with 50 nM
siRNA or incubated with JetSI alone. At 24 h after transfection, the
cells were exposed to H2O2.2.5. Western blot analysis
Cells were washed once with ice-cold phosphate-buﬀered saline
(PBS) and lysed on ice, 10 mM Tris pH 7.4, 100 mM NaCl, 10% glyc-
erol, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate and anti-prote-
ase complete (Roche, Germany). Thirty micrograms of proteins was
electrophoresed on Bis-Tris Gel NuPage 10% (Invitrogen, UK) and
transferred on hybond-P membrane (Amersham Biosciences, Sweden).
We used anti-p21WAF-1 (sc-6246) (Santa Cruz Biotechnology, USA),
anti-phosphorylated-p38MAPK, anti-p38MAPK (#9211, Cell Signaling
Technology, USA), anti-a-tubulin antibody (AM2495-11, Innogenex,
USA) and horseradish peroxidase-linked secondary antibodies (Amer-
sham Biosciences, Sweden). The bands were visualized after incubation
of chemiluminescent substrates (ECL Advance Detection Kit, Amer-
sham Biosciences, Sweden).2.6. Statistical analysis
Statistical analysis was carried out with the Student’s t-test. ns, non-
signiﬁcant (P > 0.05); *, 0.05 > P > 0.01; **, 0.01 > P > 0.001; ***,
P < 0.001.3. Results
3.1. H2O2-induced premature senescence and p38
MAPK
phosphorylation in IMR-90 hTERT HDFs
In models of sublethal stress, there is a parallelism between
the results obtained by MTT assay, cell counting and protein
mass assay at 48 h after stress. Determination of cytotoxicity
with these methods in such conditions allows to work in con-
ditions free of apoptosis as checked previously [9,10,18]. For
clarity only the results of protein mass assays are presented.
At 48 h after stress, the cellular protein content of the control
cells increased by 25% when compared to protein content be-
fore stress (Fig. 1A). At 200 lM H2O2, no increase of cellular
protein content was observed. This corresponded to an ab-
sence of growth rather than cell death as observed earlier
[15]. Decrease in protein content was found at concentration
above 250 lM H2O2. Therefore, the sublethal dose used
throughout this study was 200 lM. At 72 h after stress, the
proportion of SA b-gal positive cells was around 54% com-
pared to 11% in the control cells, in agreement with published
results [8,9,15]. The level of [3H] thymidine incorporation into
DNA fell by 72% and p21WAF-1 was strongly overexpressed at
the protein level in IMR-90 hTERT cells at 72 h after exposure
to H2O2. These results conﬁrmed that telomerase does not pre-
vent SIPS [15,16,18].
We previously reported a Thr180/Tyr182 phosphorylation
of p38MAPK in IMR-90 wildtype HDFs at various times upto 72 h after stress [20]. Phosphorylated p38MAPK was also de-
tected in IMR-90 hTERT HDFs at rather short times (30 min,
1 h and 2 h) and at 72 h after exposure to H2O2 at 200 lM. The
abundance of total p38MAPK remained unchanged in all condi-
tions tested (Fig. 1B, C). In order to test whether activation of
p38MAPK participates in the appearance of H2O2-induced pre-
mature senescence of IMR-90 hTERT cells, the cells were incu-
bated with a speciﬁc inhibitor of p38MAPK, SB203580, at
20 lM before, during and after exposure to H2O2. A 5.5-fold
increase in the proportion of SA b-gal positive IMR-90
hTERT HDFs at 72 h after treatment with H2O2 was ob-
served, reaching 54% of positive cells. SB203580 dramatically
inhibited the stress-induced increase of the proportion of SA
b-gal positive cells, with only a 2-fold increase, reaching 22%
of positive cells (Fig. 1D). Senescent morphogenesis was also
abrogated. However, presence of 20 lM SB203580 did not
alter the important decrease of [3H] thymidine incorporation
into DNA nor the induction of p21WAF-1 observed after expo-
sure to H2O2 (not shown). Similar results were obtained with
wild-type IMR-90 HDFs using p38MAPK inhibitor and anti-
p38MAPK antisense oligonucleotides [20].
3.2. Role of p38MAPK in the regulation of senescence-associated
gene diﬀerentially expressed in H2O2-induced premature
senescence of IMR-90 hTERT HDFs
We generated a low-density DNA array allowing to compare
the relative abundance of 240 genes involved in senescence.
The list of the genes represented on this array involves key
players in cell proliferation, apoptosis, pro-inﬂammatory sta-
tus and stress response, as published [10]. The selection of
the list of genes was based namely on a review of the published
microarray data with diﬀerential expression in ﬁbroblast senes-
cence in vitro and in vivo. Data from single gene analysis or
veriﬁed data from diﬀerential display RT-PCR were consid-
ered as well. We also based the selection of genes on data
obtained at the proteomic level showing diﬀerential neosynthe-
sis in replicative senescence and stress-induced premature
senescence [17,21–25].
Proﬁling was carried out in IMR-90 hTERT HDFs at 24
and 72 h after exposure to H2O2 at 200 lM in presence or
absence of p38MAPK inhibitor. Respectively, 17 and 20 genes
showed a signiﬁcantly increased mRNA level at 24 and 72 h
after stress. Respectively, 36 and 17 genes displayed a signiﬁ-
cantly decreased mRNA level at 24 and 72 h after stress. Only
5 and 16 of these genes showed respective increased and de-
creased mRNA level at both 24 and 72 h after stress, indicating
a diﬀerent pattern of genes with modiﬁed expression level at
diﬀerent times after stress, when SIPS establishes.
Among these genes with diﬀerential level of mRNA at both
24 and 72 h after stress, the mRNA level of several anti-prolif-
erative genes was increased like p21WAF-1, insulin growth factor
binding protein-3 (IGFBP-3) [26], IGFBP-5 [27] and GADD153
[28]. The mRNA level of several genes involved in DNA syn-
thesis was decreased such as thymidine kinase, thymidylate syn-
thetase, dihydrofolate reductase, and ribonucleotide-reductase
M1. The mRNA level of several genes involved in cell cycle
regulation such as cyclin B1, cyclin dependent kinase 2, polo-
like kinase, polymerase A2 and E2F1 transcription factor was
also decreased.
We report an increased mRNA level of metalloproteinase-
1(MMP-1) at 24 h after H2O2 stress, and an overexpression
of MMP-2 and MMP-14 at 72 h after H2O2 stress. MMP-2
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Fig. 1. Role of p38MAPK in premature senescence induced by H2O2 in IMR-90 hTERT ﬁbroblasts. (A) Cytotoxicity of a single exposure to H2O2 in
IMR-90 hTERT HDFs. The results are expressed as percentages of the values found in control cells at day 0 (d0) before the stress. (B) Western-blot
analysis of p38MAPK and phosphorylated p38MAPK on Thr180/Tyr182 at 30 min, 1, 2 and 72 h after exposure of IMR-90 hTERT cells to H2O2. a-
tubulin protein was used as reference level. (C) Quantiﬁcation of the protein level. The results are expressed as percentages of the protein level in the
control cells (CTL). White columns: control cells; grey columns: cells exposed to H2O2. (D) Eﬀect of p38
MAPK inhibitor SB203580 (20 lM) on the
percentage of IMR-90 hTERT HDFs positive for SA b-gal activity at 72 h after stress with 200 lM H2O2. White columns: cells not treated with
SB203580; grey columns: cells treated with SB203580. (E) Eﬀect of p38MAPK-speciﬁc siRNA on p38MAPK steady-state mRNA level. IMR-90 hTERT
HDFs were transfected for 4 h with 50 nM of p38MAPK siRNA or non-targeting siRNA (Scramble) or incubated for 4 h with the transfection reagent
(JetSI), and then stressed or not (controls, CTL) with 200 lM of H2O2 (H2O2). Total RNA was extracted at 24 h after stress and the GAPDH steady-
state mRNA level was used as reference in the Real Time RT-PCR. The results obtained are expressed as percentage of the steady-state mRNA level
of control cells incubated with JetSI (CTL JetSi). The results of Fig. 1 are given as means ± S.D. from three independent experiments.
6458 S. Zdanov et al. / FEBS Letters 580 (2006) 6455–6463is activated by MMP-14 and participates in the degradation
and remodelling of the extracellular matrix (ECM) [29]. On
the other hand, the mRNA level of genes involved in the syn-
thesis of ECM, such as collagen 1 alpha 1 and collagen 3 alpha
1 was decreased at 24 h after H2O2 stress. If conﬁrmed at pro-
tein level, this could result in a shift from a matrix-synthesizing
to a matrix-degradation phenotype in HDFs in H2O2-induced
premature senescence, as already proposed in replicative senes-
cence [30] and UVB induced premature senescence [10]. The
decreased mRNA level of tissue inhibitor of metalloprotein-
ase-1 and -2 (TIMP-1 and -2) at 24 h after H2O2 stress, further
consolidates this hypothesis.
At 24 h after stress, the mRNA level of genes involved in de-
fense against stress like heat shock protein 70 kD, HSP90-alphaand heme oxygenase, was increased. Glutathione peroxidase
and peroxiredoxin VI mRNA abundances were increased at
72 h after stress.
The mRNA level of pro-apoptotic genes as Bcl2-associated
X protein (BAX) and cathepsin D [31] as well as anti-apoptotic
genes as Bcl2-associated gene (Bcl-x) and interleukin 11 (IL-11)
was increased at 72 h after H2O2 stress. This suggests that the
balance between pro- and anti-apoptotic proteins was not
altered in favor of apoptosis. IL-11 is a cytokine known to
protect against H2O2-induced cell death [32]. IL-11 can up-
regulate the expression of some anti-apoptotic genes as Bcl-2
and Bcl-x [33].
Most of these genes were already reported to be diﬀerentially
expressed during replicative senescence [17,21,23,24].
Table 2
List of genes with increased (A) and decreased (B) transcript level at 24 and 72 h after exposure of IMR-90 hTERT HDFs to 200 lM H2O2 +/ p38MAPK inhibitor SB203580 (20 lM)
Gene Name Genbank accession number 24 h after stress 72 h after stress
H2O2 +SB203580 H2O2 +SB203580
(A) Genes overexpressed (CTL ± SB203580 = 1.00)
Apoptosis/inﬂammation
BCLX B-cell lymphoma 2 NM_000633 1.47 ± 0.28 1.08 ± 0.22 **
IL11 Interleukin 11 NM_000641 1.58 ± 0.23 0.44 ± 0.15 **
DNA synthesis/cell cycle regulation
H2B/S Histone 2b member B/S consensus NM_080593 2.66 ± 0.24 1.72 ± 0.25 **
ID2 Inhibitor of DNA binding 2 M97796 1.77 ± 0.14 0.76 ± 0.14 ***
Defense system/stress response
AOP2 Anti-oxidant-protein2 NM_004905 1.55 ± 0.14 0.72 ± 0.11 ***
GPX Glutathione peroxidase M21304 1.49 ± 0.22 1.19 ± 0.23 *
HSP90-alpha Heat shock 90 kD alpha X15183 1.82 ± 0.29 0.98 ± 0.34 **
Growth factors
CTGF Connective tissue growth factor U14750 1.57 ± 0.21 0.54 ± 0.14 ***
HBEGF Heparin binding epidermal growth factor M60278 1.54 ± 0.06 1.05 ± 0.08 *
IGFBP2 Insulin growth factor binding protein 2 M35410 2.44 ± 0.57 1.49 ± 0.32 **
IGFBP3 Insulin growth factor binding protein 3 X64875 1.97 ± 0.51 0.88 ± 0.09 **
IGFBP5 Insulin growth factor binding protein 5 M65062 2.55 ± 1.46 1.29 ± 0.27 ***
Morphology/cellular adhesion
SM22 Transgelin M95787 2.01 ± 0.37 1.10 ± 0.05 ***
TPA Tissue plasminogen activator NM_000930 1.45 ± 0.32 0.95 ± 0.13 **
Protein degradation
MMP2 Matrix metalloproteinase 2 NM_004530 1.84 ± 0.32 1.43 ± 0.38 *
MMP14 Matrix metalloproteinase 14 NM_004995 1.81 ± 0.33 0.86 ± 0.20 ***
PLAU Urokinase NM_002658 1.75 ± 0.32 0.70 ± 0.17 ***
(B) Genes repressed (CTL ± SB203580 = 1.001)
Apoptosis/inﬂammation
CASP8 Caspase 8 X98172 0.41 ± 0.02 0.81 ± 0.07 ***
COX1 Prostaglandin endoperoxidase synthase 1 NM_000962 0.45 ± 0.02 0.93 ± 0.19 **
DNA synthesis/cell cycle regulation
E2F1 E2F transcription factor 1 NM_005225 0.22 ± 0.00 0.35 ± 0.02 *
H4FM Histone 4 member M consensus NM_003495 0.27 ± 0.01 0.62 ± 0.06 ***
TK1 Thymidine kinase NM_003258 0.18 ± 0.00 0.37 ± 0.02 *
TYMS Thymidylate-synthetase NM_001071 0.50 ± 0.02 0.32 ± 0.01 **
Defense system/stress response
ADPRT Polysynthetase J03473 0.36 ± 0.02 0.66 ± 0.13 *
RRAS R-ras NM_006270 0.56 ± 0.03 0.85 ± 0.12 **
Growth factors
CTGF Connective tissue growth factor U14750 0.53 ± 0.02 0.87 ± 0.21 *
IGFBP5 Insulin growth factor binding protein 5 M65062 0.43 ± 0.04 0.93 ± 0.05 **
(continued on next page)
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stressed IMR-90 hTERT cells, this study also included cells
incubated or not with 20 lM SB203580 for 24 and 72 h after
stress. The results show that the expression level of 19 and
16 genes was dependent on p38MAPK, respectively, at 24 and
72 h after stress (Table 2(A): overexpressions and (B) down-
regulations).
In agreement with studies of other biological models, the in-
crease of mRNA level of Bcl-x [34], IL-11 [35], connective tissue
growth factor (CTGF) [36], IGFBP-3 [37], IGFBP-5 [38] and
MMP-2 [39] was also found to be regulated by p38MAPK in
IMR-90 hTERT cells in SIPS at 72 h after stress. At 24 h after
stress, HB-EGF [40] and urokinase [41] were also dependent on
p38MAPK. We showed for the ﬁrst time that expression of his-
tone 2b (H2B/S), Inhibitor of DNA binding-2 (ID2), IGFBP-2,
peroxiredoxin VI, glutathione peroxidase, IGFBP-2, and
MMP-14 was p38MAPK-dependent (Table 2).
p38MAPK was responsible for the down-regulation namely of
TIMP-1, TIMP-2, ﬁbronectin, osteonectin, transgelin (SM22)
and thrombospondin at 24 h after H2O2 stress (Table 2). The
SB203580-induced attenuation of the down-regulation of ﬁbro-
nectin and osteonectin at 24 h after H2O2 stress is interesting.
Several studies showed that stimulation of normal ﬁbroblasts
with transforming growth factor-b1 (TGF-b1) induced overex-
pression of these three genes through the p38MAPK/ATF-2
pathway [20,42]. However, TGF-b1 was not overexpressed in
IMR-90 hTERT ﬁbroblasts in H2O2-induced premature senes-
cence (at both 24 h and 72 h after stress, data from DNA
arrays and Real Time RT-PCR not shown). This likely
explains why these TGF-b1-dependent genes were not over-
expressed in this model.
A large deal of results obtained with this technology of
DNA array in similar models were previously conﬁrmed by
Real-Time RT-PCR [10,17,18]. In addition, correspondence
between Real-Time RT-PCR and array data was found herein
in all diﬀerentially expressed genes tested at 72 h after H2O2-
stress ± SB203580 (Table 3).
Using Real-Time RT-PCR analysis, we showed that
p38MAPK siRNA attenuated p38MAPK expression by 80% at
24 h after stress (Fig. 1E). As shown with SB203580, p38MAPK
siRNA did not interfere with the stress-induced increase of
p21WAF-1 and GADD153 mRNA level (Fig. 2A, B). Still in
agreement with results obtained with SB203580, the down-reg-
ulation of IGFBP-5,CTGF andTIMP-1was signiﬁcantly atten-
uated by treatment of cells with p38MAPK siRNA at 24 h after
H2O2 stress (Fig. 2C–E). These data support the results ob-
tained with SB203580 since very similar trends were observed.4. Discussion
In IMR-90 hTERT (this study) and in BJ hTERT HDFs
[18], no overexpression of TGF-b1 was found at 72 h after
H2O2 stress while TGF-b1 is overexpressed in several models
of SIPS of wild-type HDFs such as WI-38 [17], IMR-90 [8]
and AGO4431 HDFs [10] respectively exposed to t-BHP,
H2O2 or UVB. It is likely that overexpression of hTERT
interferes with the transcriptional regulation of TGF-b1 or
TGF-b1-related signalling pathways, preventing TGF-b1 over-
expression after H2O2 stress. Alteration of the TGF-b1 path-
ways due to telomerase activity is possible since TGF-b
receptor II is down-regulated in BJ hTERT HDFs [18].
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Fig. 2. Eﬀect of p38MAPK-speciﬁc siRNA on (A) p21WAF-1, (B) GADD153, (C) IGFBP-5, (D) CTGF and (E) TIMP-1 steady-state mRNA level.
IMR-90 hTERT HDFs were transfected for 4 h with 50 nM of p38MAPK siRNA or non-targeting siRNA (Scramble) or incubated for 4 h with the
transfection reagent (JetSI), and then stressed or not (controls, CTL) with 200 lM of H2O2 (H2O2). Total RNA was extracted at 24 h after stress and
the GAPDH steady-state mRNA level was used as reference in the Real Time RT-PCR. The results obtained are expressed as percentage of the
steady-state mRNA level of control cells incubated with JetSI (CTL JetSi). The results are given as means ± S.D. of three independent experiments. *,
0.05 > P > 0.01; **, 0.01 > P > 0.001; ***, P < 0.001.
Table 3
Comparison between the data obtained with Real-Time RT-PCR and the DualChip human aging for 6 genes in two experimental conditions
Gene H2O2 H2O2 + SB203580
Real-time RT-PCR DNA Array Real-time RT-PCR DNA Array
CTGF 1.61 ± 0.57 1.57 ± 0.21 0.66 ± 0.09 0.54 ± 0.14
GADD153 2.17 ± 1.12 2.67 ± 1.17 1.44 ± 1.06 2.04 ± 0.61
IGFBP3 1.55 ± 0.33 1.97 ± 0.51 0.99 ± 0.05 0.89 ± 0.09
IGFBP5 1.94 ± 0.21 2.55 ± 1.46 1.30 ± 0.08 1.29 ± 0.27
MMP2 2.21 ± 0.54 2.23 ± 0.65 1.51 ± 0.01 1.43 ± 0.38
TIMP1 2.18 ± 0.14 2.21 ± 0.39 2.80 ± 0.43 2.06 ± 0.50
Results are obtained from three independent cell cultures.
S. Zdanov et al. / FEBS Letters 580 (2006) 6455–6463 6461Down-regulation of TGF-b receptor II can up-regulate telo-
merase activity [43]. If TGF-b1 had been overexpressed, this
could have suppressed telomerase transcription and activity
as observed with autocrine TGF-b in human cancer cells
[44,45] and diﬀerentiating trophoblasts [46].
The changes at the mRNA level observed herein after treat-
ment of the cells with chemical inhibitor or siRNA of p38MAPK
better reﬂect the regulatory changes mediated by p38MAPKduring establishment of SIPS than the changes at the protein
level. However it is very often observed that an alteration of
mRNA level does not lead to a similar alteration of protein
abundance [47]. Functional studies at protein level could be
performed for each of the p38MAPK-dependent genes identiﬁed
herein. Such studies would conﬁrm whether the changes ob-
served at the mRNA level translate into changes at the func-
tional level.
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